Thirty-five Bacillus brevis strains obtained from culture collections, including protein-producing isolates, were taxonomically studied by using numerical analysis, DNA base composition, and DNA-DNA hybridization. Six DNA relatedness groups were represented, and these groups correlated well with clusters based on the numerical analysis. The B. brevis strains were separated into B. brevis sensu stricto, four new species, and an unidentified species of the genus Bacillus. Bacillus migulanus sp. nov., Bacillus choshinensis sp. nov., Bacillus parabrevis sp. nov., and Bacillus galactophilus sp. nov, are proposed.
The heterogeneity of Bacillus brevis has been indicated by the wide range of maximum growth temperatures (10) and the results of numerical classification (13, 26, 27) and classification based on API test data (17). The protein producers identified as B. brevis (45) had guanine-plus-cytosine (G+C) contents ranging from 47 to 55 mol%. These observations suggest that this taxon is genetically heterogeneous. Recently, Nakamura (23) reported that the phenotypic heterogeneity of B. brevis was due to variability introduced by the presence of genetically unrelated strains. Previously, Udaka (44) and Takagi et al. (37) reported the bacterial production of large amounts of proteins in culture fluids; many of the bacteria involved appeared phenotypically to be B. brevis (37, 44) . These strains showed either weak or no detectable proteolytic activity in the culture supernatant (37) . B. brevis 47 and HPD31 have been employed successfully as host bacteria for extracellular production of foreign proteins, such as bacterial thermophilic a-amylase (38) and human epidermal growth factor (49). Additional unique characteristics of B. brevis that have been reported are gramicidin production (9) and molluscicidal activity (31) .
In order to clarify the taxonomic positions of 14 B. brevis strains from culture collections and of 21 protein-producing isolates, we examined their phenotypic characteristics and processed the data obtained by using standard numerical analysis. In addition, the relationships between clusters resulting from the numerical analysis were evaluated by DNA-DNA hybridization.
As a result, the above-mentioned 35 strains assigned to B. brevis were divided into six independent species, four of which are proposed below as the new species Bacillus migulanus, Bacillus choshinensis, Bacillus parabrevis, and Bacillus gala c toph ilus.
MATERIALS AND METHODS
Bacterial strains. B. brevis strains and reference strains obtained from culture collections and other sources and the protein-producing strains described previously (37, 44) were * Corresponding author. used in this study. The sources and histories of these strains are listed in Table 1 . Working stocks were cultivated on T2 agar (44) for 24 h at 30 or 37°C and were stored at a room temperature.
Characterization, Unless indicated otherwise, the methods described by Gordon et al. (10) were used for characterization of organisms. Acid production from carbohydrates was determined for D-glucose, L-arabinose, D-fructose, D-galactose, D-xylose, maltose, lactose, sucrose, trehalose, glycerol, D-mannitol, and starch. The methods described by Komagata (14) were used for hydrolysis of urea, Tween 60, and Tween 80; utilization of nitrate, ammonium, and citrate; the oxidase reaction; fermentation of glucose; and production of hydrogen sulfide. Hydrolysis of DNA was determined by using Bacto DNase test agar (Difco Laboratories, Detroit, Mich.). Resistance to antibiotics was determined by growth on T2 agar supplemented with antibiotics (Table 2) . Growth inhibition by the strains tested was investigated by using Escherichia coli JCM 1649T (T = type strain) and Bacillus subtilis JCM 1465T.
Chromosomal DNA preparation. Chromosomal DNAs were isolated from bacterial cells cultured overnight in T2 medium at 30 or 37°C by the method of Saito and Miura (30) .
The prepared DNA hadA,3,/A,6, and A, , d', , , ratios of less than 0.55. DNA base composition. DNA base composition was determined by the method of Tamaoka and Komagata (39) , with some modifications. DNAs were heated at 100°C for 10 min and hydrolyzed with 4 U of nuclease P1 (Yamasa Shoyu Co., Chiba, Japan) per ml at 50°C for 2 h. After treatment with bacterial phosphatase (Takara Shuzo Co. , Kyoto, Japan), the samples were analyzed by high-performance liquid chromatography with an apparatus equipped with a Microbondasphere C,, column (3.9 by 150 mm; Waters, Nihon Millipore Ltd., Tokyo, Japan). Deoxyribonucleosides were eluted with a mobile phase consisting of 200 mM NH4H,P04 (pH 4.0) supplemented with 2.5% acetonitrile.
Numerical analysis, Phenetic relationships among the strains tested were determined by a cluster analysis, using 57 differential characteristics (Table 2) . Similarity among strains was estimated by using the simple matching coeffi- cient, and clustering was based on the unweighted pair group arithmetic average algorithm (34) . Computation was carried out by using the NTSYS-pc program of Rohlf (28) . DNA-DNA hybridization. DNA-DNA hybridization was carried out by using photobiotin (Vectra Laboratories, Inc., IBurlingame, Calif.) labeling probes in microplate wells as described by Ezaki et al. (6) . The templates and biotinylated probe DNAs were used at levels of 1.0 pg per we11 and 20 ng per well, respectively. Hybridization was performed at 37°C for 12 h. The DNA reassociation ratios were determined by using streptoavidin-peroxidase (Zymed Laboratory, Inc., !<an Francisco, Calif.) and 3,3',5,5'-tetramethylbenzidine (Dojin Kagaku, Kumamoto, Japan) (12) and were estimated with a microplate reader at 620 nm. DNA from E. coli (type 'VIII; Sigma Chemical Co., St. Louis, Mo.) was used as the negative control.
Cellular fatty acid composition. Cells cultivated overnight in T2 medium at 30 or 37°C were used for cellular fatty acid analysis. Cellular fatty acid composition was determined by the method described by Suzuki and Komagata (36) .
Quinone composition. Cells cultivated overnight in 72
medium at 30 or 37°C were used to determine quinone composition by the method described by Komagata and Suzuki (15) .
Immunological analysis. Extracellular proteins were prepared as reported previously (5, 24). The 7.5% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was carried out as described by Laemmli (16) . Western blot (immunoblot) analysis of the extracellular proteins was performed as described by Towbin et al. (41) . Rabbit antisera to the middle cell wall protein (protein MWP) of strain 47 and to the cell wall protein (protein HWP) of strain HPD31 were prepared as reported previously (24, 43) .
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Reassociation values are averages of two to four determinations; the maximum difference found between determinations was 10%.
' NT, not tested. Reassociation values are averages of two determinations; the maximum difference found between determinations was 10%.
+-SK10 (5)
containing the HWP gene of HPD31 was used as the hybridization probe.
RESULTS
Phenotypic characterization and numerical analysis. The 14 B. brevis strains and 21 protein producers had phenotypic characteristics that were consistent with the standard description of B. brevis given by Gordon et al. (10) and Claus and Berkeley (3). These 35 strains were recovered in one cluster (numerical cluster I) at a similarity level of approximately 70%, and five clusters (numerical clusters IA, IC, ID1, ID2, and IE) were recovered at similarity levels of more than 80% (Fig. 1) . Bacillus s haericus JCM 2502T and Bacillus laterosponcs JCM 2496 were included in numerical cluster I in a broad sense, and B. subtilis JCM 1465T, Bacillus licheniformis JCM 2505T, Bacillus coagulans JCM 2257T, and Bacillus maceram JCM 2500T exhibited distant relationships to B. brevis.
DNA base compositions. The DNA base compositions of the 35 strains ranged from 42.5 to 53.3 mol% G+C (Fig. 1). DNA-DNA hybridization. Ten strains belonging to numerical clusters IA to IE were selected for DNA probes. The 35 strains belonging to numerical cluster I were separated into six DNA relatedness groups (DNA groups) ( Table 3) . These groups correlated well with the clusters obtained by numerical analysis. DNA groups A and B included two strains and one strain belonging to numerical cluster IA, respectively. DNA group C was recovered in numerical cluster IC. DNA group D was recovered in numerical clusters ID1 and ID2, which contained the type strain of B. brevis. DNA groups E and F included 14 and 2 strains, respectively, of numerical cluster IE. The G+C contents for each group varied by no more than 2 mol%. Reference strains of known Bacillus species showed low levels of relatedness with the D N A from six strains belonging to numerical cluster I ( Table 4) .
Fatty acid composition and quinone system. Fatty acid compositions and quinone s stems were anal zed for the following strains: ATCC 9999 , HP926, HPD52 , HPD31, B.
brevis JCM 2503T, IF0 12334T, and NRRL NRS-6MT. Strains HP926, HPD52, HPD31 , B. brevis JCM 2503T, I F 0 12334=, and NRRL NRS-616= contained large amounts of
T T
anteiso-C,,:, acid (30 to 60% of the total fatty acids) and iso-ClS:, acid (30 to 60%); in contrast, strain ATCC 9999T contained large amounts of iso-ClS:, acid (45%), C16:o acid (20%), and iso-ClS:, acid (5%). All strains tested had menaquinone 7 (more than 90% of the total menaquinones). Analysis of cell wall protein. All strains identified as B. brevis (laboratory no. 1 through 35 [ Table 11 ) accumulated one or two major high-molecular-weight proteins in the culture fluid (Fig. 2A) . The approximate molecular weights of the cell wall proteins observed in strains HPD31 (laboratary no. 4), HPD52T (laboratory no. 5), 47 (laboratory no. 13), and HP033 (laboratory no. 17) are reported to be 135 x lo3 (strain HPD31), 115 x lo3 (strain HPD52T), 150 x lo3 and 130 x lo3 (strain 47), and 150 x lo3 and 110 x lo3 (strain HP033) ( 5, 11, 24, 43) . The immunological relationships between the extracellular proteins and the cell wall protein (HWP) of strain HPD31 are shown in Fig. 2B . The antiserum against HWP cross-reacted with the extracellular proteins produced by most of the strains belonging to numerical cluster I; the exceptions were the proteins of members of DNA group A (ATCC 9999T [laboratory no. 11 and NRRL NRS-606 [laboratory no. 21) and B. sphaericus JCM 2502T (laboratory no. 37). The cross-reactions of the proteins with the antiserum against MWP of strain 47 were the same as those with the antibody against HWP (data not shown).
The results of hybridization between the HWP gene probe and restricted chromosomal DNAs coincided with the results of Western blot analysis and DNA relatedness studies (Fig. 3) ; namely, the probe hybridized with the DNA fragments of the strains belonging to numerical cluster I except the members of DNA groups A and B. sphaericus JCM 2502T under stringent conditions. Therefore, these positive strains contained a sequence very similar to that of the HWP gene of strain HPD31. Moreover, the Southern blot profiles correlated well with the DNA groups.
DISCUSSION
The 35 strains assigned to B. brevis in numerical cluster I would be identified broadly as B. brevis according to phenetic classification, but on the basis of numerical data, DNA base composition, and DNA relatedness they should be separated into six independent species, which we designated species A through F. These species are consistent with the proposal of De Ley (4) that the G+C contents of members of a species should not differ by more than about +1 mol%. Species D included the type strain of B. brevis; hence, it represented B. brevk sensu stricto. Only 40% of the strains were correctly identified as B. brevk. Furthermore, species B through F have similar cellular fatty acid compositions, and they all have a conserved specific surface layer protein.
Species A clearly differs from species B through F.
B. sphaericus was allied with species A through C (Fig. 1) . However, characteristics such as the form of sporangia with round spores, growth in 5% NaCl, a G + C content of 36.9 mol% (this study), and low levels of DNA relatedness (1 to 8%) (Table 4) forming Bacillus species with G+C contents of 42 to 54 mol% include B. subtilis, Bacillus pumilus, Bacillus atrophaeus, Bacillus badius, Bacillus firmus, Bacillus alginolyti-(:us, Bacillus chondroitinus, Bacillus amyloliquefaciens, Bacillus halophilus, and Bacillus stearothermophilus ( Table 5 ) . These known species are genetically and phenotypically distinct from species A through F, as shown in Tables 4 and  5 . These results indicate that there is no relationship between the six independent species (species A through F) and the above-mentioned established species.
Therefore, we propose for species A, C, E, and F the following names: Bacillus rnigulanus sp. nov, Bacillus choshinensis sp. nov., Bacillusparabrevis sp. nov., and Bacillus galactophilus sp. nov., respectively. Species B was left unnamed because this group consists of only one strain. Although the combination of phenotypic characteristics in Table 2 rather clearly differentiated B. brevis and the newly named species, evaluation of G+C contents and extent of DNA-DNA hybridization were highly useful for confirming the identification of these organisms.
Crystalline protein surface layers have been found in 19 members of the genus Bacillus (33), including "Bacillus aneurinolyticus" (l), B. brevis, B. sphaericus (47), B. licheniformis (40) , B. stearothemophilus (19) , and Bacillus thuringiensis (18). The cell wall structures of B. brevis 47 and HP033 (identified in this study) and B. choshinensis HPD31 and HPD52 (identified in this study) are quite different from those of most gram-positive bacteria. The cell walls of these organisms consist of a peptidoglycan layer and two cell wall protein layers (outer wall and middle walI) in the case of strains 47 and HP033 (10, 43) or one cell wall protein layer in the case of strains HPD31 and HPD52T (11) . The cell wall layers (surface layers [S layers]) observed in these strains have a hexagonal array with lattice constants of 14.5 to 18 nm (11, 42, 48) . The S-layer proteins of strains 47 and HPD31 are composed of proteins with approximate molecular weights of 130 x 103 (outer wall protein) and 150 x lo3 (MWP) (strain 47) (24, 43) and 135 x lo3 (HWP) (strain HPD31) (5, 11) . The deduced amino acid sequence obtained from the nucleotide sequence of the HWP gene shows a high level of homology (78%) with the sequence of the MWP gene Therefore, an interesting question is how the taxonomic properties of protein-secreting bacteria correlate with their cell wall morphology. On the basis of the limited data available, many eubacterial S layers were considered to be strain-specific features (33) . However, the present study showed immunologically and genetically that a specific protein of the S layer was conserved in all strains of B. brevis, B. choshinensis, B. parabrevis, B. galactophilus, species B, and B. laterosporus JCM 249fjT. This observation elucidates the taxonomic significance of the S layer and suggests that there is a close evolutionary relationship among the abovementioned species.
Although they differ in their G+C contents and DNA relatedness, B. brevis, B. choshinensis, B. parabrevis, B. galactophilus, and species B have the specific S layer in common; thus, they can be designated the "B. brevis group." B. brevis and B. laterosporus, which have a similar specific S-layer protein, belong to the same cluster on phylogenetic trees based on 16s rRNA sequences (2, 8, 29) , whereas "B. aneurinolyticus," whose S layer differs from that of B. brevis immunologically and genetically, forms a separate line of descent different from B. brevis (2, 8) .
The strains of the B. brevis group have the following characteristics in common. The cells are rod shaped (0.5 to 0.9 by 2 to 4 pm), motile, and peritrichous. Ellipsoidal spores are formed in swollen sporangia. Colonies are flat and smooth on nutrient agar. The maximum growth temperature is 45 to 55°C. The organisms are positive for catalase activity, development of an alkaline pH in Voges-Proskauer broth, and the presence of a specific S-layer protein. They are negative for the Voges-Proskauer reaction, anaerobic growth, hydrolysis of starch and urea, utilization of nitrate, growth in the presence of 5% NaCl and 30 pg of tetracycline per ml, and acid production from L-arabinose, lactose, D-xylose, and starch. The major cellular fatty acids are (5). On anteiso-C,,,, and ~S O -C~, :~ acids. The quinone is menaquinone 7.
Description of Bacillus migulanus sp. nov. Bacillus rnigulanus (mi.gu.la'nus. M.L. adj. rnigulanus, referring to the German bacteriologist W. Migula, who contributed to bacterial taxonomy). Cells are rod shaped (0.5 to 1.0 by 2 to 6 pm). Gram positive. Motile and peritrichous. Ellipsoidal spores are formed in swollen sporangia. Colonies are flat, smooth, and pale yellow on nutrient agar. Growth occurs at temperatures ranging from 20 to 50°C. Grows at pH 5.5 to 9.0. Positive for catalase, oxidase, reduction of nitrate to nitrite, development of an alkaline pH in Voges-Proskauer broth, hydrolysis of DNA, utilization of ammonium, acid production from D-fructose and glycerol, and growth in the presence of 2% NaCl and 30 pg of tetracycline per ml. Negative for the Voges-Proskauer reaction; anaerobic growth; alkaline digestion of litmus milk; hydrolysis of casein, gelatin, starch, Tween 60, Tween 80, and urea; utilization of citrate and nitrate; growth in the presence of 5% NaC1; acid production from D-glucose, L-arabinose, D-galactose, maltose, lactose, sucrose, D-xylose, trehalose, D-mannitol, and starch; and the presence of a specific S-layer protein. The major cellular fatty acid components are iso-C1s:o and C16:o acids. The quinone is menaquinone 7. The G+C content ranges from 42.5 to 43.2 mol%; the G+C content of the type strain is 42.5 mol%. The type strain is ATCC 9999 (= JCM 8504), which was isolated as a gramicidin producer.
Description of Bacillus choshinensis sp, nov. Bacillus choshinensis (cho.shi.nen'sis. M.L. adj. chushinensis, referring to Choshi, a city in Japan, where the organism was isolated). Strains of this species have the common characteristics of the B. brevis group. In addition, positive for oxidase, utilization of citrate and ammonium, and acid production from D-glucose. Negative for reduction of nitrate to nitrite; hydrolysis of casein, gelatin, Tween 60, and Tween 80; growth in the presence of 2% NaC1, at 50"C, and at pH 5.5 and 9.0; acid production from D-galactose, maltose, sucrose, and glycerol; and alkaline digestion of litmus milk. The G+C content ranges from 48.2 to 50.5 mol%; the G+C content of the type strain is 48.2 mol%. Two strains were isolated from soils in Choshi, Chiba, Japan, as rotein producers. The type strain is HPD52. Strain HPD52 has been deposited in the Japan Collection of Microorganisms as strain JCM 8505T.
Description of Bacillusparabrevis sp. nov. Bacillusparabrevis (pa.ra.bre'vis. Gr. prep-para, alongside of, like; M. L. adj. brevis, short; M. L. parabrevis, brevis-like, referring to B. brevis). Strains of this species have the common characteristics of the B. brevis group. In addition, positive for reduction of nitrate to nitrite; utilization of ammonium; hydrolysis of casein, gelatin, DNA, and Tween 60; and acid production from D-glucose, trehalose, and D-mannitol. Negative for acid production from D-fructose and D-galactose. The G+C content ranges from 51.3 to 53.3 mol%; the G+C content of the type strain is 51.8 mol%. The type strain is IF0 12334 (= ATCC 10027 = JCM 8506).
Description of Bacillus galactophilus sp. nov, Bacillus galactophilus (ga.lac.to.phi'lus. Gr. n galacto, milk, referring to galactose; Gr. adj. philus, loving; M. L. galactophilus, galactose loving). In addition to the common characteristics of the B. brevis group, strains of B. galactophilus are positive for utilization of ammonium; hydrolysis of casein, gelatin, DNA, Tween 60, and Tween 80; growth in the presence of 2% NaCl and at 50°C; and acid production from D-glucose, D-fructose, D-galactose, glycerol, and D-mannitol. Negative for reduction of nitrate to nitrite; growth at pH 5.5 and 9.0; and alkaline digestion of litmus milk. The G+C content ranges from 52.5 to 52.6 mol%; the G+C content of the type strain is 52.5 mol%. The type strain is NRRL 
